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membrane proteins are largely underrepresented among available atomic-resolution structures. the use of detergents in protein purification procedures hinders the formation of well-ordered crystals for X-ray crystallography and leads to slower molecular tumbling, impeding the application of solution-state nmr. solid-state magic-angle spinning nmr spectroscopy is an emerging method for membrane-protein structural biology that can overcome these technical problems. here we present the solid-state nmr structure of the transmembrane domain of the Yersinia enterocolitica adhesin A (YadA). the sample was derived from crystallization trials that yielded only poorly diffracting microcrystals. We solved the structure using a single, uniformly 13 c-and 15 n-labeled sample. in addition, solid-state nmr allowed us to acquire information on the flexibility and mobility of parts of the structure, which, in combination with evolutionary conservation information, presents new insights into the autotransport mechanism of YadA.
Membrane proteins are cellular gatekeepers involved in many processes of high biological importance. Solid-state NMR spectroscopy is a unique tool to study both the dynamics and structure of proteins simultaneously at atomic resolution [1] [2] [3] . It is an emerging method for membrane-protein structural biology, and significant advances have been made with this technology in the last decade 4-6 since a pioneering study in which solid-state NMR (ssNMR) was applied to oriented samples to obtain the conformation of an antimicrobial peptide in the membrane, the gramicidin A cation channel 7 . More recently, a combination of oriented-sample NMR and magic-angle spinning (MAS) NMR allowed determination of the membrane orientation and backbone structure of an 81-residue helical membrane protein by refining a computational model with local solid-state NMR restraints 8 . Here we present the structure of a membrane protein, the transmembrane domain of the Y. enterocolitica YadA, solved directly from solid-state MAS NMR analysis of a microcrystalline sample. YadA is a trimeric autotransporter adhesin (TAA) 9 . Many members of the TAA family are important pathogenicity factors that mediate adhesion to host cells and tissues in such diverse conditions as diarrhea, urinary tract infections or airway infections. TAAs consist of trimeric domains with a high content of α-helical coiled coils and of β-helical or β-trefoil structures 9, 10 . These domains occur in varying order and repeat number in different bacterial TAAs. The defining element of the family is the membrane anchor (or translocator) domain, which has two important functions: it anchors the adhesin in the bacterial outer membrane and exports all other domains, which are extracellular, to the cell surface-hence the term autotransporter. The autotransport process of YadA has been studied [11] [12] [13] , but the exact mechanism by which the extracellular domains pass through the membrane anchor remains unclear.
In our past efforts to determine a high-resolution structure of the YadA membrane anchor (YadA-M), we were not able to obtain large, well-ordered crystals suitable for X-ray crystallography after detergent-based purification of the protein 14 . We therefore applied solid-state MAS NMR to the microcrystalline YadA-M obtained from these crystallization trials to collect highresolution structural data. (For electron micrographs of microcrystalline YadA-M, see Supplementary Fig. 1 .) We solved this structure using only one uniformly 13 C-and 15 N-labeled sample, which demonstrates that complex labeling techniques are not always necessary to solve complete ssNMR structures of proteins. In addition, ssNMR allowed us to acquire information on flexibility and mobility of parts of the structure. The mobile parts of the structure are highly conserved in the protein family, thus showing their functional importance in the process and leading to an improved model of the autotransport mechanism. results solid-state magic-angle spinning nmr We based our structure calculations on distance restraints obtained from a data set of homo-and heteronuclear MAS NMR correlation experiments. Long-and medium-range magnetization transfers were probed using various dipolar transfer schemes and mixing times (Online Methods, Supplementary Table 1 and  ref. 15) . We observed weak signals from the unlabeled detergent used in the sample preparation and no signal from copurified lipids, suggesting that the samples were highly pure. Excerpts of spectra from our data set, demonstrating the quality of the NMR data and examples of restraints that helped to define the structure, are shown in Figure 1 . We manually assigned cross-peaks from 24 spectra to obtain a set of 1,192 nonredundant distance restraints ( Fig. 1 and Supplementary Note 1) . The magnetization transfer efficiency is different for different mixing schemes; therefore, we recorded each experiment with several mixing times. In the course of assignment, however, we found 13 data sets to be sufficient to provide the required structural information; 11 others were partly
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A58Cα-l71Cγ2 De novo structure calculation with isd Structure determination of the trimeric protein YadA-M is complicated by the fact that some types of solid-state NMR distance restraints are loosely defined compared to those of typical solution NMR data and are highly ambiguous because they can originate from both intra-and interprotomer contacts. We addressed these problems using an iterative strategy wherein the ambiguity in the distance restraints was progressively removed and complemented with hydrogen bonds inferred from the intermediate structure ensembles (Supplementary Note 2). The structure was solved using inferential structure determination (ISD) 16 , a method that has previously been shown to facilitate structure calculations from sparse and hybrid structural data 17 . First we determined an approximate structure of the protomer (that is, the monomeric chain in the trimer), which was then assembled into the full trimer. In the initial iteration, we applied a log-linear error-tolerant restraint potential similar to the linear restraint potential in published work 18 . This allowed us to calculate a structure of the protomer even in the presence of restraints that can only be satisfied in the trimer. We refined the protomer structure in a second ISD calculation, using the most likely hydrogen bonds inferred from the initial ensemble, to complement the experimental restraints. The resulting protomer structure was then assembled into a trimer with the aid of rotational symmetry constraints; the symmetry axis was determined from the NMR data. Although the stoichiometry of the assembly is known, we also probed dimer and tetramer assemblies as an alternative. However, these led to an increase in the number of restraint violations that allowed us to discard the alternative oligomerization states (Supplementary Note 2). An additional round of hydrogen bonding inference and structure calculation resulted in an ensemble that comprised three principal conformers, which differed mostly in the segment spanning the residues Gly35 to Tyr49. We eliminated two conformers because they were not highly populated or because they showed many restraint violations. The remaining conformer was used to automatically collect 146 new restraints (Supplementary Note 2). The core (residues 12-105) of the final ensemble is very well defined, with a Cα r.m.s. deviation of 0.72 ± 0.26 Å and 0.84 ± 0.32 Å over the protomer and trimer, respectively. (The validation report can be found in Supplementary Note 2.) A small number of cross-peaks could not be accommodated in the trimer and likely originated from crystal contacts. Docking calculations based on these contacts produced a well-defined relative arrangement of the YadA-M trimers in the crystal lattice (Supplementary Note 2) . discussion of the structure The solid-state NMR structure of YadA-M (Protein Data Bank (PDB) ID: 2LME) is a trimeric β-barrel through which an N-terminal helical domain forming a trimeric coiled coil passes (Fig. 2) . Each protomer comprises an N-terminal helix followed by a four-stranded β-sheet, which is slightly tilted relative to the pore axis. The barrel is formed by hydrogen bonds between strands β1 and β4 of neighboring protomers. The membranefacing surface of the barrel is largely hydrophobic, with bulky hydrophobic side chains (isoleucine, leucine and valine) pointing into the membrane and with aromatic girdles at the top and bottom rim of the barrel.
The interior of the barrel mostly comprises small amino acids (alanine, asparagine, glycine, serine and threonine) that leave enough space to accommodate the trimeric helical bundle. In the barrel, these residues form an extended ring-shaped patch that allows the helix to approach the barrel wall (Fig. 2d) . The ring marks the region where the canonical coiled-coil packing is lost and accommodates a stretch of markedly small helical residues, Note 3) . Contacts between the stretch of small helical residues with the ring of small barrel residues are corroborated by NMR correlations between Ala37-Ala68 and Ala41-Gly61 (Supplementary Note 4) . There is only one bulky hydrophobic residue that faces the pore lumen, Met96. Its sulfur atom is coordinated by the side chains of Ser38 and Ser39. They form a very stable arrangement, as we did not observe any methionine oxidation in the sample over the whole measurement period (Supplementary Note 4) . Moreover, the two serine residues, despite being located in the α-helical coiled coil, displayed chemical shifts that suggest a random-coil conformation (see below). Fig. 2) . NMR spectroscopy shows a clear interaction between Leu45 and Gly72, which is conserved in the complete TAA family on the sequence level (Supplementary Note 4 and Supplementary Fig. 2) . We observed marked patterns of conserved hydrophobicity consistent with the coiled-coil analysis of the YadA-M structure (Fig. 3) . This suggests that the switch from a 7-residue to an 11-residue repeat, which ends at the ASSA region, is a general feature of TAAs (Supplementary Note 3) . As in YadA-M, the Hia structure shows a ring of small residues facing the interior of the barrel. Evolutionary analysis shows that in other TAAs, the residues facing the barrel lumen tend to be small as well. The same holds for the ASSA region and its neighboring residues in the N-terminal helix, which in addition displays a conserved low helix propensity (Fig. 3c) . Secondary chemical shifts indicate that in YadA-M, this region has a high structural flexibility and a tendency to adopt a loop conformation. This is also supported by the observed gradual decrease of Cα/Cβ cross-peak intensities (Supplementary Note 5) . This structural flexibility is in good agreement with the reported difficulties in resolving the structure of the ASSA region in a soluble construct that only contains the C-terminal coiled coil of YadA 20 : when removed from the structural context of the β-barrel, the ASSA region lacks the propensity to form a well-ordered coiled-coil structure. model of the autotransport process Autotransport in monomeric autotransporters is thought to proceed via a hairpin intermediate, which may already be formed during membrane insertion of the barrel 21, 22 . Our data argue for the direct involvement of the ASSA region in the autotransport of TAAs and show that this region is likely to form the core of a similar hairpin (Fig. 4) . This model is supported by (i) our NMR data (a missing NMR signal for Ala37 and increased flexibility as indicated by a drop in signal intensity as well as by proximity to random coil chemical shifts for the whole region; see Supplementary Note 5), (ii) the structure of YadA-M (small side chains in the barrel and hairpin region) and (iii) the evolutionary analysis (high conservation of small residues and of low helix propensity). Moreover, mutational data for H. influenzae Hia demonstrated that the ASSA region cannot be deleted without losing the capacity to form trimers 19 ; and in the case of YadA, deletion of this region abolished protein production completely 13 .
The space necessary to export three unfolded polypeptides simultaneously is provided by (i) the small side chains that (a) Conservation of small barrel residues facing the lumen (light blue bars) and of residues in the ASSA region (orange bars) (red and orange, residues in the N-terminal helix; dark blue and light blue, residues in β strands; gray, residues in turns and linkers). (b) Conservation of hydrophobicity (KyteDoolittle scale, relative units). The pattern supports a hendecad repeat for Leu25, Leu28, Val32 and Leu36 (blue, residues that are hydrophobic on average; gray, residues that are hydrophilic on average). (c) Helix propensity calculated with Agadir; the propensity drops toward the N terminus because of edge effects. Propensity is encoded in the height of the bars (arbitrary units) as well as in the colors; red indicates maximum helix propensity and blue indicates minimum helix propensity. face the pore lumen and (ii) the low folding propensity of the hairpin region that probably folds only after the export is completed. It is conceivable that the pore's inner diameter can be expanded temporarily via a breathing motion during transport without breaking the hydrogen bonds, as shown, for example, in the remotely homologous usher pores 23 . The small lumenfacing residues are most probably conserved to match the space requirements of the intermediate structure formed during autotransport rather than those of the final structure. Residue Gly72, in particular, seems to play a crucial role, as it is highly conserved across TAAs; studies with YadA have shown that mutations to other small amino acids such as alanine already impair the autotransport 11 .
It has been shown that the sequential folding from C to N terminus provides the energy to drive the export process in monomeric autotransporters 24, 25 . It is tempting to assume that the huge enthalpy gain of coiled-coil formation provides a similar driving force in TAAs. Moreover, coiled-coil packing constitutes an attractive mechanism for synchronizing the autotransport of the three protein chains in a zipper-like fashion.
The formation of a C-terminal coiled-coil structure before completion of the autotransport process would lead to an entanglement of the unfolded N-terminal chains with the folding structure because of the helical twist of the coiled coil, which typically is in the range of 150-200 Å (ref. 26 ). Interestingly, a transition from right-to left-handed coiled coil in the region close to the membrane anchor has been observed for YadA 20 ; such a transition could elegantly prevent such an entanglement. In other TAAs, different structural elements that switch from left-to righthanded orientation have been observed, such as the neck and saddle domain of EibD 27 . discussion We show that solid-state MAS NMR enables high-resolution structure determination of microcrystalline membrane proteins from a single uniformly labeled sample. Our solid-state NMR structure of YadA-M provides detailed insights into the structure and mechanism of this autotransporter domain. The microcrystalline sample was not of sufficient quality for X-ray-based structural biology experiments-a frequent problem for membrane proteins. Solid-state MAS NMR is therefore a good alternative when crystallization trials fail to yield diffraction-quality crystals. Given the large number of important drug targets among membrane proteins of unknown structure, the significant costs for labeling and instrumentation seem justified. The time necessary for assignment and structure calculation can and will be reduced by more automated software routines that already exist for solution NMR and are under development for solid-state NMR. It is also conceivable to use X-ray crystallography and solid-state NMR experiments in combined approaches 28 ; our results show that samples originally made for X-ray crystallography can be used in solid-state NMR without changes in the sample preparation procedures. (ii) A hairpin intermediate is formed by the flexible ASSA region (in red), and the autotransport proceeds through the pore, driven by the sequential folding of the exported domains (iii). In a final step, the pore is occluded when the final coiled-coil structure settles in (iv). npg online methods Sample preparation. We overexpressed YadA-M in Escherichia coli and extracted the membrane protein using the detergent C 8 POE (Bachem) as described 14 . A 13 C, 15 N-labeled full medium (BioExpress, Cambridge Isotope Laboratories) was used to produce uniformly labeled samples. We purified the protein using phase separation 29 : the solubilized membrane fraction was mixed with saturated, cold ammonium sulfate solution in a ratio of 3:1, and after incubation at 4 °C for 1 h, the upper, detergent-rich phase was collected and dialyzed against a buffer containing 25 mM MOPS, 1 mM EDTA, and 1% (w/v) C 8 POE. We cleared the dialyzed sample by 10 min centrifugation at 10,000 r.p.m. in a Sorvall centrifuge equipped with an SS34 rotor and subjected it to cationexchange chromatography. To this end, we used an ÄKTA purifier system and a HR10/10 MonoS Column (GE Healthcare) with a linear salt gradient. Buffer A corresponded to the dialysis buffer; Buffer B contained 1 M NaCl in addition. The protein eluted at ~200 mM NaCl. Protein purity was checked using SDS-PAGE. To concentrate the protein, we applied phase separation again using the same parameters as above. After subsequent removal of salt and excess detergent by dialysis using tubing with a cutoff of 25 kDa (Roth), the protein formed microcrystalline material ( Supplementary  Fig. 1 ) that could be harvested by centrifugation.
NMR measurements and sequential assignment. We performed all solid-state MAS NMR experiments at 275 K using samples from a single 13 C, 15 N-uniformly labeled YadA-M batch preparation. We obtained data on 400, 600, 700, 850 and 900 MHz AVANCE spectrometers (Bruker) equipped with double-( 1 H/ 13 C) and triple-resonance ( 1 H/ 13 C/ 15 N) CP/MAS probes (Bruker). The MAS frequency was adjusted to 10 or 13 kHz for MAS rotors with a diameter of 4.0 and 3.2 mm, respectively. Except where otherwise mentioned, we achieved magnetization transfer from 1 H to the 13 C or 15 N spins with ramped cross-polarization (CP) 30 ; here the ramp was applied on the 1 H spin-lock pulse and was kept relatively shallow (typically between 75% and 100% of the spin-lock field strength). We kept typical recycle delays between individual transients 2.7-3.0 s to avoid sample heating. We applied highpower proton decoupling with radiofrequency (rf) field strengths of 75-90 kHz using the SPINAL-64 scheme 31 during evolution and detection periods. Typical 1 H and 13 C π/2 pulse lengths were 3.0 and 3-4 µs, respectively.
We recorded homonuclear 2D 13 C-13 C correlation spectra with dipolar-assisted rotational resonance (RAD/DARR) 32, 33 and proton-driven spin diffusion (PDSD) 34 mixing schemes at 900 MHz. For the RAD experiments, we used the following conditions. We ran experiments at 10 kHz MAS and created initial 13 C magnetization using a 3.0-ms CP with average rf field strengths of 63 and 53 KHz for 1 H and 13 C, respectively. We used mixing times of 15, 25, 50, 100, 200, 300 and 500 ms to probe long-range transfers in different distance ranges. We set the 1 H field strength during 1 H excitation and SPINAL-64 decoupling to 75 kHz, using a 3.0-s recycle delay. Acquisition times were 18.0 and 9.6 ms in t 2 and t 1 , respectively. We recorded the PDSD experiments under similar conditions, but with a CP contact of 1.0 ms and acquisition times in the direct and indirect dimensions of 15.0 and 4.0 ms, respectively. PDSD mixing periods ranged between 15 ms and 100 ms.
We recorded 2D CHHC and 2D NHHC 35 correlations at 700 MHz. The CHHC experiments were acquired using a 1.5-ms CP contact from 1 H to 13 C, with average rf nutation frequencies of 60 and 50 kHz, respectively. For the CHHC experiment, we kept the second and third rectangular CP contacts short, at 60 µs, to avoid mixing between noncovalently bonded carbons and protons. Acquisition times were 12 ms in t 1 and 7 ms in t 2 . We used various 1 H-1 H mixing times (35, 50, 80, 150, 200 , 300 and 500 µs) to collect distance restraints in different ranges. During evolution and detection, we applied SPINAL-64 decoupling with an rf field strength of 85 kHz and used a 3.0-s recycle delay. We obtained the NHHC spectra under similar conditions, except the 1 H-1 H mixing times were set to 35, 50, 100 and 200 µs. Initial 15 N magnetization was created with a 1.5-ms CP transfer (from 1 H to 15 N); the second and third rectangular CP were set to 310 µs ( 15 N to 1 H) and 60 µs ( 1 H to 13 C).
We acquired 2D 13 C-13 C proton-assisted recoupling (PAR) 36 correlation spectra at 850 MHz. We applied PAR mixing times of 2.25, 6.0 and 15.0 ms to achieve long-range exchange. Initial 13 C magnetization was created with a 600 µs CP transfer from 1 H to 13 C (80%-100% ramp on 1 H; 73 kHz average field strength). During evolution and acquisition, protons were decoupled using SPINAL-64 with 80 kHz field strength. We used acquisition times of 20.0 ms and 13.2 ms in the direct and indirect dimensions, respectively. The recycle delay was set to 2.8 s.
We recorded the 2D 13 C-15 N TEDOR 37,38 correlation spectra consisting of two REDOR 39 mixing-blocks at 850 MHz. REDOR mixing times of 2.24, 6.0 and 12.0 ms were used to achieve medium-and long-range magnetization exchange. The 13 C and 15 N π/2 pulse lengths used were 3.25 and 6 µs, respectively. The 15 N REDOR π-pulse length was 12 µs. We applied SPINAL-64 1 H decoupling with 90 kHz rf-field strength during t 1 and t 2 , and during the REDOR-mixing steps. We recorded the TEDOR experiments with 64 transients and the recycle delay was set to 4.0 s. The acquisition times in the 13 C and 15 N dimensions were 20 and 9.3 ms, respectively. We obtained 13 C-13 C methyl-filtered RAD/DARR experiments at 900 MHz by use of CP, which was directly followed by polarization inversion (PI), achieved with a 180° phase change of the 1 H spin-lock pulse (CPPI) 40 before t 1 evolution. We found a polarization inversion period of 60 µs to be sufficient for 'depolarizing' non-methyl, protonated nuclei. A double methyl-filtered 13 C-13 C RAD/DARR experiment was obtained by addition of a 40-µs dipolar dephasing period 41, 42 immediately after DARR mixing, which we set to 300 ms. We recorded singleand double-filtered spectra with 96 transients and a recycle delay of 3 s. Acquisition times in the direct and indirect dimensions were 24.4 and 6.6 ms, respectively. We processed all solid-state MAS NMR data with TOPSPIN 2.1 (Bruker) and analyzed them using SPARKY 3.113 (T.D. Goddard and D.G. Kneller, Sparky 3, University of California). Secondary structure propensities and degree of disorder were predicted from 13 C and 15 N chemical shifts with the TALOS+ 43 , RCI 44 and SSP 45 programs. Details on the sequential assignment are published elsewhere 15 .
Structure calculation. We carried out all structure calculations with the inferential structure determination (ISD) software 16 . To calculate the structure of YadA, we followed an iterative protocol (see Supplementary Note 2 for details). Distance restraints were incorporated using an error-tolerant log-linear potential. These were complemented by 120 angular restraints predicted with TALOS+ 46 . We generated structure ensembles with npg nAture methods replica-exchange Monte Carlo as implemented in ISD. To improve the convergence of the structure calculations, we inferred hydrogen bonds from the intermediate structure ensembles and used them to complement the distance restraints. To describe the full YadA trimer, we implemented a rotational point symmetry similar to a previous approach 47 . The monomer structure was parameterized in dihedral angles; forces and interactions with the symmetry mates were projected back onto the monomer. Ambiguous distance restraints were calculated as r -6 averages over all possible intra-and intermonomer distances. The symmetry axis was estimated during replica-exchange sampling.
Structure and evolutionary analysis. We analyzed and visualized the structure ensembles using PyMOL (http://pymol.org/). Alignments of the YadA transmembrane domain are based on the domain annotation tool daTAA 48 : we used the daTAA profile to search the nr database using PSI-BLAST 49 in the MPI toolkit 50 , and the resulting sequences were aligned using MUSCLE 51 , with additional manual corrections. The coiled-coil analysis is based on the Socket server (http://coiledcoils.chm.bris.ac.uk/socket/ server.html). Secondary structure propensities were calculated using the Agadir server (http://agadir.crg.es/).
